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Abstract
The redox properties of a series of mono(cyclooctatetraenyl) uranium ( The cyclooctatetraenyl ligand was found to stabilize the low and high oxidation states of uranium, from +3 to +5, giving to the complexes the capacity to be involved in redox processes.
Knowledge of the electron affinities (EA) and ionization energies (IE) of uranium compounds would be of major interest for the understanding and control of their stability and reactivity. However, no direct experimental determination of IE and EA of actinide complexes is reported to date, whereas a series of electrochemical studies of the U Here, we present a detailed relativistic DFT study of the redox behavior of two series of monocyclooctatetraenyl uranium complexes (Figure 1 ). Those of the first series are in the +V
while the second series is composed of the uranium(IV) compounds
) 10g together with the cyclopentadienyl derivative [(Cp*)U(NEt2)3] (6). 25 Special attention will be paid to the electronic factors which govern the EAs and IEs of these U(V) and U(IV) complexes. The effects of the redox processes on the electronic structures will be investigated by analysis of the Nalewajski-Mrozek 26 bondmultiplicity indices and the Hirshfeld electronic charges. 27 uranium complexes lead to computed EAs in good agreement with experimental half-wave reduction potentials, so that we shall use the same methodology in the present work.
Geometry optimizations which have been carried out at the scalar relativistic level were followed by single point computations including spin-orbit coupling. In this study, we used for all atoms a triple-zeta Slater-type basis set (STO) augmented by one set of polarization functions, i.e. the triple-zeta polarized (TZP) basis set, taken from the ADF/ZORA/TZP database. The more extended ZORA/QZ4P basis set has also been used to check the accuracy of the computed properties. The spin unrestricted DFT scheme is used. The frozen-core approximation where the core density is obtained from four-component Dirac-Slater calculations has been applied for all atoms. For carbon C.1s, oxygen O.1s and nitrogen N.1s, the 1s core electrons were frozen, while the 1s/2s/2p cores were frozen for the silicon Si.2p.
The U.5d valence space of the heavy element includes the 5f/6s/6p/6d/7s/7p shells (14 valence electrons In our case, we carried out first the full geometry optimizations of the species under consideration, in the gas phase, at the spin unrestricted level. Next, the geometries were reoptimized in the solvent (benzene, toluene or THF) using the COSMO model. We used the non-default Delley type of cavity, 36c the solvent being considered with its dielectric constant and its cavity radii. Then, single point calculations including spin-orbit corrections were carried out using the previously optimized geometries, for both the gas phase and the solution.
Molecular geometry and molecular orbital plots were generated, respectively, by using the MOLEKEL 4.3 37 and the ADFVIEW programs. 30c
The computational evaluation of electron affinities or ionization energies is a difficult task owing to the fact that it implies odd-electron systems, with spin contamination and SCF convergence problems. It should be noted that in our case, spin contamination was found negligible, since the computed values <S 2 > of the squared spin operator are very close to the exact values for all the studied species (deviation less than 3%).
In the present work, the ionization energies (or the electron affinities) were calculated as the energy difference between the neutral and cationic (or anionic) forms of the complexes at their respective optimized geometries, i.e. the "ΔE method". 
 EXPERIMENTAL ELECTROCHEMICAL DETAILS
Electrochemical experiments were performed in a single-compartment three-electrode cell designed for highly air-sensitive compounds and connected to an argon-vacuum line. The working electrodes were a platinum conventional disk electrode (0.5 mm radius) for cyclic voltammetry and a platinum disk microelectrode (7.5 µm radius) for steady state voltammetry.
The auxiliary electrode was a platinum wire and the reference electrode a wire Ag/AgCl in  RESULTS AND DISCUSSION Structural Properties. First, the full geometry optimizations of the complexes 1 -6 and their reduced and oxidized forms were carried out in the gas phase, at the spin unrestricted level of the theory. For the complexes 1 2 and 3 we considered the highest spin state for all species,
i.e. a doublet state (5f 1 ) for the neutral uranium(V) complexes, a triplet state (5f 2 ) for the anionic uranium(IV) complexes and a singlet state (5f 0 ) for the uranium(VI) cations, while for the compounds 4 5 and 6 the spin states are respectively a quartet state (5f 3 ) for the anionic uranium(III) derivatives, a triplet one (5f 2 ) for the neutral (4 and 6) and anionic (5) uranium (IV) complexes, and a doublet state (5f 1 ) for their oxidized forms. All compounds have been optimized without any symmetry constraint. Finally, in order to check that the optimized geometries are minima on the potential energy surfaces and to simulate IR spectra, we also performed the calculation of the vibration frequencies of the complexes under consideration.
Then, the geometries were further re-optimized in solution, using the COSMO approach, considering three different solvents, i.e. the two solvents used for the synthesis of the complexes: benzene (for 1, 2, 3) and toluene (for 4, 5 and 6), and tetrahydrofuran (THF), used for the electrochemical measurements. The non-default Delley type of cavity was used, the solvents being considered with their dielectric constants respectively equal to 2.30, 2.38 and 7.58 for benzene, toluene and THF, whereas the cavity radius have been set equal to 3.28 Å, 3.48 Å and 3.18 Å for benzene, toluene and THF respectively. Finally, single-point variational spin-orbit ZORA calculations using the previously optimized geometries have been carried out, in both the gas phase and solution, in order to compute the spin-orbit coupling contributions to the energies. 30b,38 In our case of open-shell systems, the non collinear approximation has been used. 38b
First of all, it is necessary to study the structures of the different species involved in the redox processes. In Table 1 are listed the most relevant computed geometrical parameters, i.e.
bond distances and angles in the gas phase and in solution (benzene or toluene) at the ZORA/BP86/TZP level (the optimized structures and coordinates are given in Supporting Information (SI)). Our discussion will be focused first on the optimized geometries obtained for the isolated compounds. In complexes 1-3 5 and 6, the uranium centre is found in a pseudo-tetrahedral configuration with the centroids of the C8 or C5 rings and the N or O atoms at the apices ( Figure   1 ). The computed U-N bond distances in all complexes vary from 2.20 to 2.27 Å and are similar to those determined in other amide compounds 10j . Thus, the U-N bond lengths of 4, 2.27 Å, are slightly larger than the Th-N distances of 2.32 Å in the crystallographically characterized complex [(Cot)Th(N{SiMe3}2)2], 10a in line with the larger ionic radius of the ion Th 4+ compared to U 4+ ( rTh 4+ ≈ rU 4+ + 0.05 Å). 39 In the computed structure of 4, presented in Figure 2 , the carbon atoms of the cyclooctatetraenyl ring are coplanar, the distance between the uranium atom and the centroid of the Cot cycle U-Ct is 2.003 Å whereas those between the metal and carbon atoms of the cycle U-Ci are on average of 2.72 Å (values in THF), accurately reproducing the experimental value of 2.70 Å. The computed structure of 4 also shows that one carbon atom of each silyl ligand (C(6) and C (14) , see Figure 2 ) is located nearer to metal than the others, in such a way as to mimic a four-legged piano stool with trans nitrogen atoms and trans carbon atoms. 
The mean U-N and U-C bond lengths in Finally, as it can be seen in Table 1 , the influence of the different solvents on the optimized geometrical parameters is rather small, even if we note that the U-Ct and U-C distances increase slightly in solvent whereas the other U-X bond lengths decrease by less than 1%.
The electron capture by the uranium(V) and (IV) compounds leading to the anionic uranium(IV) and (III) species causes a lengthening of the metal-ligand distances (see complete geometrical parameters for all species in SI), that is mainly due to the increase of the ionic radius of uranium from U 5+ to U 4+ or from U 4+ to U 3+ . 39 On the opposite side, the oxidation process induces a shortening of the metal-ligand bonds (ca. 0.1 Å). Moreover, it is noteworthy that oxidation affects somewhat the Cot-U-X angles which contract slightly by ca 2°, with for consequence an opening of the X-U-X angles. Thus, the average Cot-U-N angle (in gas phase)
passes from 119.3° in 1 to 117.6° in the corresponding cationic U VI species, whereas the average N-U-N angle opens from 87.7° to 92.8°. The optimized molecular geometries of the complexes and their oxidized and reduced forms are depicted on Figure 3 . Nalewajski and Mrozek (N-M) bond orders 26 are useful tools to study the electronic structure of organometallic complexes. 41 Generally, the calculated N-M bond orders correlate very well with the experimental properties like bond lengths and vibrational frequencies. In Table 2 are reported the Nalewajski-Mrozek bond orders (NMBO) of the U-N and U-O bonds and the corresponding distances in complexes 1-6 computed at the ZORA/BP86/TZP level in the gas phase and solution (benzene or toluene). The amide complexes present a single U-N bond (bond order equal to 1.227 for 1, 1.233
for 3, 1.077 for 4, 0.974 for 5 and 1.100 for 6). The U-N NMBO increases in the oxidized species and decreases in the reduced forms. As expected, these changes in bond multiplicity reflect the variations in the bond lengths, a higher bond order corresponding to a shorter bond length. Thus, a good linear correlation is obtained in the oxidation process between the variation of the NMBOs of the U-N bonds and that of the U-N bond lengths (r 2 = 0.98) (the alkoxide complex 5 is excluded from this correlation). The correlation graph is given in the SI.
Electrochemical studies
The information concerning the stability of the complex resulting of the electron transfer. For the complexes 1 to 6 the values of E1/2 for oxidation and reduction system are collected in Table 3 . Half-wave potentials could be assimilated to the apparent standard From the electrochemical results given in Table 3 used to rationalize the reduction potentials of the aforementioned complexes, given in Table 3 .
For instance, the complex with the more electron-donating pentamethylcyclopentadienyl Cp* exhibits the lowest measured potential (-3.05 V) and is the most difficult to reduce. As expected and usual, a low lying HOMO indicates a complex with a high IE and a low energy LUMO an easily reducible complex.
A final observation is that the variations in redox potentials, as seen in Table 3 , are more pronounced on the E1/2 values for the reduction process than those of the oxidation process.
The reversibility of the redox system is indicated in Table 3 . It appears that the oxidation of U V complexes (1 and 2) is not reversible indicating that the corresponding U VI cations are not stable and a chemical reaction is coupled to the charge transfer. This is due to the fact that the HOMOs of these complexes are not pure 5f MOs, but predominantly ligand MOs (see SI). Thus, the oxidation of these complexes does not lead to a regular stable U(VI) iso-structural complex. On the contrary, the other complex which exhibits a metallic 5f HOMO give rise to the observed U(V)/U(VI) reversibility. On the contrary the reduction step exhibits reversible behaviors for 1 to 3 indicating a stability of the U IV anions. The LUMOs of the U(V) complexes are metallic 5f
MOs so that the reduction leading to a stable U(IV) complex is expected. For the U IV complexes (4 to 6) all the redox systems are reversible or quasi-reversible.
Redox Properties. We consider first the oxidation of the complexes. The total bonding energies (TBEs) calculated for all species allow the determination of the ionization energies (IEs). In all cases, the IEs were computed according to the "∆E method", that is the difference between the TBEs of the compounds and their oxidized forms at their optimized geometries; the computed TBE values are given in SI. In Table 4 are given the computed IEs, in the gas phase and in solution (THF) for all complexes, at the ZORA/BP86/TZP level of theory; the row with the acronym SO corresponds to the values of the IE taking into account spin-orbit coupling. In the last row of this 
*system not characterized (no measured value of E1/2)
Considering the complexes in the gas phase, it can be noted in Table 4 that all the computed IEs are positive, their values being between 1.300 and 5.750 eV and between 1.416 and 5.763 eV when including spin-orbit coupling. The IE of complex 5 is characterized by its low value (2.655 eV in solution) compared to those of the other compounds, due to the fact that 5 is an anionic species. This compound, which exhibits the lowest half-wave oxidation potential (-1.590 V), is therefore the easiest to oxidize. At the opposite side, complex 4 exhibits the highest IE (4.532 eV in solution) and probes to be the most difficult to oxidize, a situation which results from the weak electron donating ability of the silyl amide ligand as given by the Hammett constants, 44 notwithstanding the influence of its steric hindrance.
In addition, it can be seen that spin-orbit coupling affects in a slightly different way the IEs of these systems, leading to a small increase of IE except for the neutral tris(amide) compounds 3 and 6 for which IE decreases slightly. The effect of solvent appears by a significant decrease of the IEs (about 1.2 eV), except as expected for the anionic compound 5 whose IE increases by 1.24 eV. The order of ionization energies is: IE(4) > IE(2) > IE(1) > IE(3) > IE(6) > IE(5).
A very nice linear correlation is obtained between the computed IEs (in THF at the TZP level including the spin-orbit correction) and the five measured half-wave oxidation potentials E1/2, the r 2 correlation coefficient of the linear regression being equal to 0.99 ( Figure 6 ). The MO diagrams of the U IV complex 4 (Figure 7b ) reveal that the HOMO and LUMO have mostly 5f character with a weight of 92.9% and 92.7 % respectively.
A large contribution of ligands is observed in HOMO−9 and LUMO+9 with rate of 63.2 % and 19.2 % respectively. In the HOMO−9, the main contribution is essentially from the silyl amide ligand whereas in the LUMO+9, the main contribution is from the Cot ligand.
In the cationic oxidized form of 4, a notable difference is observed in HOMO−1 where, in contrast to 4, the ligand contributes significantly to the MOs with a weight of 61.92 % mainly from the Cot ligand (56.12 %). The HOMO-LUMO gap in both species is relatively small, 0.55 eV in 4 and 0.60 eV in its oxidized form, indicating that the two species have similar stabilities. The computed EAs, in the gas phase and in solution (THF), for all complexes at the same level of theory, are given in Table 5 . In order to refine the results, we also carried out calculations by using the more extended ADF/ZORA basis sets, i.e. the TZ2P (Triple zeta) and the QZ4P
(Quadruple Zeta) with two and four functions of polarization respectively. The rows with SO correspond to the values of the EA taking account of spin-orbit coupling. In the last row, are The Mulliken analysis (detailed in SI) indicates that the net charges of the metal are much smaller than their oxidation states due to the ligand-to-metal donation, the latter effect being highlighted by the weak negative charges carried by the Cot and L ligands. The MPA spin densities are larger than the total number of 5f electrons for all species, except for the cationic ones of the second series of uranium(V) complexes which are closed-shell systems. For instance, the MPA metal spin density is equal to 3.02 instead of 3 for the anionic reduced form of 4, while it is 2.25 instead of 2 and 1.32 instead of 1 for 4 and its cationic oxidized form, respectively. In each case a small delocalization of the unpaired electrons on the ligands is observed. The spin population data for the isolated complexes are practically similar to those computed in solution (see SI details).
Another quantitative approach of the major electron transfers occurring in molecular systems is provided by the Hirshfeld's analysis (HA), which is supposed to give more realistic net charges than MPA. 46 
together with the cyclopentadienyl derivative [(Cp*)U(NEt2)3] (6), which have been investigated using cyclic voltammetry and, for the theoretical part, relativistic ZORA/BP86
computations.
Very good correlations (r 2 = 0.99) were found between calculated ionization energies (IE) and electron affinities (EA) respectively with the measured oxidation and reduction potentials. It was found crucial to take into account the solvent effect as well as the spin-orbit coupling. The DFT computations permitted the estimation of the oxidation potential of 3 as well as the reduction potential of 5 for which the electrochemical measurements failed.
The electrochemical behavior of the two series of complexes revealed the ability of complex 4 to undergo a U(IV)U(V) process; the highest value of its oxidation potential (-0.10 V) is explained by the presence of the less electron donating ability of the trimethylsilyl amide ligand.
Of the other side, in the case of complex 6, the more electron donating ligands Cp* and NEt2 bring the reduction potential towards the lower limit of the redox range (-3.05 V) making thus it most difficult to reduce. The variations of the computed IE and EA with the nature of the amide, alkoxide and Cot ligands, particularly with their electron donating ability, have been discussed through the various analyses carried out (MO diagram, NMBO and Hirshfeld) . The reversibility or irreversibility of the redox systems could be rationalized considering the frontier MO diagram of the complexes. For instance, the fact that the oxidation of U V complexes (1 and 2) is not reversible is explained by their HOMOs which are not pure metallic 5f MOs, but predominantly ligand MOs, contrarily to the other complexes. As usual, a low lying HOMO characterizes a complex with a high IE and a low energy LUMO indicates an easily reducible complex. Moreover, the Nalewajski-Mrozek bond orders and the Hirshfeld charges analyses permit also to well rationalize the effect of the redox processes on structural properties. Finally, this work shows the complementarity between the experiment and the theory, and described how experimental electrochemistry and DFT computations can be coupled to relate the electronic structure of these uranium species to observable electrochemical data. 
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